Introduction
============

Cardiovascular diseases (CVD) are the most common cause of mortality in men and women worldwide [@B1]. In 2015, 17.7 million people died from CVD corresponding to 31% of all global deaths [@B1]. In Europe, more than 85 million people were living with a cardiovascular condition in 2015 [@B2], and in the US this number reached 92.1 million people from 2011 to 2014 [@B3]. Within CVD-related deaths, 45.1% are caused by coronary artery diseases (CAD), defined as a decrease in myocardial blood supply due to atherosclerotic plaque occlusion. Ruptures of atherosclerotic plaques are the cause of about 70% of myocardial infarction (MI) [@B4]. In the US, one person suffers an MI every 40 seconds [@B3]. CVD also represent a substantial economic burden for healthcare systems, with direct and indirect costs rising to an annual average of \$316 billion in the US [@B3]. These alarming statistics are partially explained by an aging population, coupled with a modern lifestyle that increases the prevalence of cardiovascular risk factors such as high non-HDL cholesterol levels, hypertension, diabetes, obesity, tobacco use, lack of physical activity, and unhealthy diet [@B5].

Despite advances in diagnosis and treatment of CAD, early detection of atherosclerotic plaque remains elusive, and often MI is the first clinical manifestation of the atherosclerotic process [@B6]. Primary prevention strategies often rely on cardiovascular risk scores that predict the likelihood of CAD based on conventional factors such as age, sex, hypertension, diabetes, dyslipidemia, and smoking [@B5],[@B7]. While these scores are widely used for population screening, they remain imprecise on an individual basis [@B6]. The application of non-invasive imaging techniques for evaluation of subclinical atherosclerotic burden represents an exciting alternative for early detection of individuals at high cardiovascular risk [@B8]. In subjects with suspected CAD, classical imaging approaches based on coronary stenosis evaluation are valuable in the symptomatic management of patients with angina. However, the roles of conventional imaging in predicting clinical outcomes remain controversial [@B9], since MI frequently evolves from regions of mild to moderate stenosis [@B10]. An ideal imaging method should report not only the volume of plaque within the coronary vessels but also adverse plaque characteristics such as large necrotic core, inflammation, intraplaque hemorrhage, thin fibrous cap, and microcalcifications [@B6].

In addition to the challenges in the diagnosis of atherosclerosis, new and better therapeutic alternatives are needed to reduce the residual risk of adverse cardiovascular effects in high-risk subjects even after standard therapy [@B11]. For subjects undergoing MI, while rapid restoration of coronary blood flow is the standard of care to minimize the infarct size [@B12], the restoration of blood flow itself causes irreversible myocardial damage in a process called myocardial reperfusion injury [@B13]. Despite advances in the studies on the molecular mechanisms involved in reperfusion-induced cell death, treatments focused on limiting the reperfusion damage (e.g., antioxidant therapy, calcium channel blockers, anti-inflammatory treatment, atorvastatin, adenosine) have produced disappointing results in the clinical setting [@B14]. The pursuit of new therapeutics for atherosclerosis and its consequences remains an open field of research.

Nanotechnology for diagnosis and therapy of cardiovascular diseases
===================================================================

Nanotechnology is a multidisciplinary research field involving design, synthesis, and characterization of materials with controlled shapes and sizes at the nanometer scale (10^-9^ meters) [@B15]. One of the most active research areas of nanotechnology is nano-biotechnology or nanomedicine, which is a cutting-edge field that involves the application of nanostructures in medicine and health care for the prevention, diagnosis, and treatment of diseases [@B16]. Typically, nanotechnology includes the understanding and handling of nanoparticles and nanostructures ranging from 1 to 100 nm, however, within the biomedical community, slightly larger structures also are regarded as nanoparticles [@B17]. At these dimensions, nanoparticles show unique physicochemical and biological properties (*e.g.*, ability to cross the cell membrane and tissue barriers), thus allowing interaction with cell structures, which have similar sizes, such as proteins and other macromolecules inside cells [@B18]. These types of interactions occur at molecular levels with a high degree of specificity and reactivity [@B18]. Thus, the nanoparticles can stimulate, respond, and interact with target cells or tissues in controlled processes to produce desired physiological responses while minimizing undesirable effects. An example of a potential application is when nanoparticles target a specific injury site in the heart, and control the release of therapeutic molecules, which can be encapsulated, entrapped, conjugated, or adsorbed [@B16]. Other outstanding properties of some nanoparticles, such as surface plasmon resonance, high specific surface area and reactive area, magnetism, and morphological and structural changes by an externally applied stimulus, allow researchers to explore new alternatives to traditional diagnostic and therapeutic methods [@B19],[@B20]. For instance, hybrid nanoparticles and nanocomposites generate multifunctional characteristics with great potential for more than one clinical purpose, such as theranostic applications [@B19]-[@B22].

Nanomedicines have been applied to treat and diagnose several diseases with promising results, but medical imaging and oncology are still the most active areas of development. Some examples of clinically approved intravenous nanoparticles are Doxil® (liposomal composition with doxorubicin for the treatment of various cancers) and Resovist® (iron carboxydextran colloid as magnetic resonance imaging (MRI) contrast agent for imaging of liver lesions) [@B23]. Nanoparticles that are currently in clinical trials are mainly aimed at the treatment of several cancers. These include mostly liposome-based formulations but also others based on polymers, micelles, and inorganic nanoparticles made primarily of gold, iron oxide, and silica [@B23].

The field of CVD poses significant clinical challenges that can be approached with nanomedicines. In this review, we will summarize the role of different nanostructures in the search for better diagnostic and therapeutic approaches to tackle the rising epidemic of CVD such as atherosclerosis and MI.

Historical review of nanoparticles used in diagnosis and therapy of atherosclerosis
===================================================================================

**Figure [1](#F1){ref-type="fig"}** shows relevant studies on nanotechnology used in the treatment or diagnosis of atherosclerosis. This timeline scheme was made using the Web of Knowledge\'s database, selecting the publications with both greater number of citations and those highlighted with innovative nanosystems for these cardiovascular applications.

The application of nanoparticles in vascular diseases began with the use of iron oxide nanoparticles having magnetic properties as a vascular contrast agent for MRI in the early 90´s [@B24]. Superparamagnetic iron oxide nanoparticles (SPION) and small superparamagnetic iron oxide (USPIO) nanoparticles have attracted attention due to their considerably longer blood half-life and their outstanding performance as MRI contrast agents for the study of the atherosclerotic plaque [@B24]. During the 90´s, these superparamagnetic nanoparticles were coated with different polymers and biomolecules to improve their bioavailability and interaction with specific tissues [@B25]. Since the late 90´s and early 00´s, other nanoparticles used for MRI included lipid‑encapsulated perfluorocarbon emulsions with gadolinium and high-density lipoprotein (HDL)-like nanoparticles [@B26]-[@B30]. During these years, researchers also used targeting strategies to improve the specificity of the nanoparticles-based contrast agents [@B26]-[@B29]. In 2007, other types of nanoparticles based on polymers and gold were used as contrast agents for X-ray computed tomography (CT) imaging and photoacoustic imaging [@B31],[@B32]. The applications of nanoparticles for atherosclerosis in the 90\'s and the first decade of the 00\'s were mostly focused on contrast agents to improve the visualization and analysis of conventional imaging techniques. Since 2005, several nanosystems with multifunctional properties have been developed for multimodal imaging such as positron-emission tomography (PET)-CT, PET-MRI, and MRI-fluorescence [@B33]-[@B35].

Nanosystems for treatment of vascular diseases, such as atherosclerosis, have also been developed since the 00\'s. These were mainly based on polymer nanoparticles used as vehicles for drugs [@B36],[@B37]. In the last decade, lipid nanoparticles, such as liposomes and HDL-like nanoparticles, have also been used as vehicles for drug delivery due to their high biocompatibility [@B38], [@B39]. When used as hybrid nanosystems with nanoparticle-based contrast agents or fluorescent cues, these nanoparticles can also be used for multimodal imaging [@B34],[@B40].

The above timeline in **Figure [1](#F1){ref-type="fig"}** displayed the evolution of nanoparticles or nanosystems with multifunctional properties due to the combination of materials and biomolecules for the safe and effective diagnosis and treatment of atherosclerosis. More details about studies on these nanosystems and their specific applications are discussed below.

Nanoparticles for diagnosis of atherosclerosis
==============================================

Nanomaterials have interesting properties that could be used to improve some of the techniques currently available for diagnosis. A chronological description of studies on nanoparticles used in MRI, CT, PET, photoacoustic imaging, multimodal imaging, and biomarkers detection applied to atherosclerosis is presented below.

Magnetic resonance imaging
==========================

MRI combines high spatial and temporal resolution with a variety of readouts of plaque and vessel morphology. The first magnetic nanoparticles used for imaging of vessels were the superparamagnetic iron oxide nanoparticles (SPION) AMI-25 (Endorem; Laboratoire Guerbet, Aulnaysous-Bois, France), which were prepared as a stable aqueous colloidal suspension of magnetite (Fe~3~O~4~). The iron oxide was coated with a noncovalently bonded low-molecular-weight dextran for intravenous use. The diameter of the AMI-25 particles ranged from 120 to 180 nm, and they were biodegradable (*i.e*., the incorporation of iron content into hemoglobin) [@B41].

In the early 90´s, Weissleder *et al.* reported pioneer *in vitro* and *in vivo* studies comparing two types of magnetic nanoparticles as potential vascular contrast agents for MRI (**Figure [1](#F1){ref-type="fig"}**) [@B24]. They compared the migration across the capillary wall and the blood half-life of dextran-coated ultra small superparamagnetic iron oxide (USPIO) nanoparticles (2-5 nm diameter) with the nanoparticles AMI-25 [@B24]. Use of dextran was the key strategy to enhance the uptake and the specificity for macrophages in atherosclerotic plaques *in vivo*. USPIO nanoparticles had a considerably longer blood half-life with low uptake by the mononuclear phagocytic system (MPS) of the liver and spleen. USPIO nanoparticles showed high permeability through the capillary wall compared to the AMI-25 nanoparticles [@B24].

During the 90´s, SPION were coated with different molecules to improve their bioavailability and interaction with specific tissues, for instance, polyclonal human immunoglobulin-labeled iron oxide nanoparticles were evaluated to detect focal inflammation [@B25]. In the late 90´s, USPIO were used as a contrast agent in magnetic resonance angiography (MRA) due to the T1 shortening effect and their long intravascular half-life, thus improving the visualization of arteries and veins from the thoracic region [@B42]. At the end of the 90´s and early 00´s, other types of nanoparticles were used for MRI. For instance, a lipid‑encapsulated perfluorocarbon emulsion with gadolinium targeted by fibrin, and a peptidomimetic vitronectin antagonist (α~v~β~3~-integrin targeter) ligand were developed to detect thrombus and the evolution of the vulnerable atherosclerotic plaques (**Figure [2](#F2){ref-type="fig"}**) [@B26]-[@B29]. It is worth noting that integrin α~ν~β~3~ is only expressed in the angiogenic vasculature, and not in the mature vasculature; hence, it can act as a marker of active angiogenesis associated with plaque progression and with the subsequent myocardium infarction. USPIO nanoparticles were also used as a marker for atherosclerosis‑associated inflammatory changes in the vessel wall before the luminal narrowing [@B43].

Kooi *et al.* investigated if USPIO-enhanced MRI could be used for *in vivo* detection of macrophages in human plaques [@B44]. To evaluate this, the USPIO were administrated to 11 patients with symptoms of recurrent transient ischemic attacks or small brain infarcts and ultrasound-proven carotid stenosis between 70% and 99% who were scheduled for carotid endarterectomy [@B44]. The USPIO were detected in macrophages inside the plaques in 10 of the 11 patients and caused a signal decrease on the *in vivo* MRI images [@B44]. Using the same strategy, Morishige *et al*. used 3-T MRI with a macrophage-targeted superparamagnetic nanoparticle preparation (MION-47) in cholesterol-fed New Zealand White rabbits six months after balloon injury [@B45]. In this study, using *in vivo*, *ex vivo* and *in situ* approaches, the authors demonstrated that the reduction of T2-SI by MION-47 was an indirect measure of the macrophage accumulation in the aorta of hypercholesterolemic rabbits [@B45].

The evolution of contrast agents for MRI continued with the development of high-density lipoprotein (HDL)-like nanoparticles that exhibit an intrinsic affinity for atherosclerotic plaque macrophages due to the monolayer of apolipoproteins (ApoA‑I or ApoA-II). These HDL-like particles have several advantages, such as: (a) small size (7-12 nm diameter), (b) protein components that are endogenous, biodegradable, and do not trigger immunoreactions, and (c) the particles are not recognized by the mononuclear phagocyte system (MPS) [@B30]. Furthermore, HDL-like particles are easily reconstituted and can carry a considerable payload of a contrast agent such as phospholipid-based gadolinium (Gd-DTPA-DMPE) as described by Frias *at al.* [@B30].

Recent investigations continue to use metal nanoparticles for imaging or targeted treatment of atherosclerosis. Tarin *et al.* prepared targeted gold-coated iron oxide nanoparticles for CD163 detection in atherosclerosis by MRI [@B46]. This targeting approach is based on the increased expression of the membrane receptor CD163 in macrophages from intraplaque hemorrhagic sites or asymptomatic plaques. Gold-coated iron oxide nanoparticles conjugated with an anti-CD163 antibody accumulated over time in the atherosclerotic lesions of apoE-deficient mice [@B46].

Computed tomography
===================

CT is considered the most clinically robust and accurate method for grading coronary artery stenosis and determining plaque calcification. Nonetheless, the specificity and the contrast can be improved using nanoparticles with unique properties. For instance, Hyafil *et al.* developed iodinated polymer nanoparticles for CT imaging of macrophages in the coronary atherosclerotic plaques [@B31]. Macrophages play a fundamental role in acute plaque destabilization and thrombus formation by secreting proteases that digest the extracellular matrix and weaken the protective fibrous cap of the atheromatous core. Subsequently, large amounts of tissue factor are released in the atherosclerotic plaques that accelerate thrombus formation and the subsequent plaque rupture [@B31]. Therefore, it is essential to monitor macrophages as a tool for early detection. Before the injection of the contrast agent, the atherosclerotic plaques could not be differentiated from the surrounding tissues, whereas a strong enhancement was detected in the plaques after the injection of the iodinated nanoparticles, which was not possible with the conventional contrast agents [@B31]. The same year, Kim *et al.* prepared a new CT contrast agent based on gold nanoparticles (GNP) coated with polyethylene glycol (PEG) to improve the limitations of contrast agents as an iodine-based compound (renal clearance, renal toxicity, and vascular permeation) [@B47]. The authors observed that CT images of rats using PEG-coated GNP showed a clear delineation of cardiac ventricles and great vessels [@B47].

Using high-density lipoprotein that is specific for macrophages (Au-HDL), Cormode *et al*. detected macrophages in the arteries of atherosclerotic mice and simultaneously imaged the vasculature [@B4]. The authors showed the capability of the spectral CT system to detect the accumulation of Au-HDL nanoparticles in the aorta using a model for atherosclerosis with apolipoprotein E knockout mice. This result is an indirect evaluation of macrophages in the plaques as it was confirmed by TEM and confocal microscopy that macrophages incorporate the Au-HDL nanoparticles.

Other diagnostic techniques and multimodal imaging
==================================================

Another imaging technique that benefits from nanoparticles as contrast agents is the photoacoustic imaging, which detects the distribution of optical absorption within the organs. The contrast of a photoacoustic image could be improved using GNP due to the oscillation of free charges on the GNP surface with the excitation wavelength (localized surface plasmon resonance), producing a large optical absorption and an enhanced contrast [@B48]. For instance, Kim *et al.* showed the feasibility of gold nanorods (GNR) conjugated to anti-intercellular adhesion molecule-1 (ICAM-1) to detect early inflammation in endothelial cells, which could be related to the evolution of the atherosclerotic plaques [@B32]. In another example, Wang *et al*. loaded macrophages with aggregated gold nanoparticles to target atherosclerotic plaques [@B49]. When plasmon resonance coupling (around 700 nm wavelength) was used, the intravascular photoacoustic technique could detect the presence of aggregated nanoparticles inside the macrophages in the atherosclerotic plaques, providing improved resolution.

Since these diagnostic imaging techniques have limitations, multimodal nanosystems provide an exciting approach to overcome these limitations. The aim is to combine the properties of different nanoparticles by forming hybrid nanosystems with a combination of imaging techniques for improved detection. For instance, PET-CT and PET-MRI are techniques that combine the sensitivity of PET for metabolism imaging and tracking of labeled cells or cell receptors with the outstanding structural and functional characterization of tissues by MRI and the anatomical precision of CT. To meet this challenge, Kelly *et al.* prepared CVHSPNKKCGGSK(FITC)GK-modified magneto‑fluorescent nanoparticles, which showed high affinity for endothelial cells expressing vascular cell adhesion molecule-1 (VCAM-1) and were detectable by MRI and fluorescence imaging [@B33]. The VCAM-1 expression is induced early in human atheroma and represents a key element of the inflammation generated during atherosclerosis, contributing to monocyte and lymphocyte recruitment from adventitial vessels and the arterial lumen. The strict temporal and spatial regulation of endothelial adhesion molecules and their critical function in atherosclerosis make them ideal targets for diagnosis [@B33].

Lipid nanoparticles, such as liposomes and HDL-like nanoparticles, play an important role in imaging and therapy of atherosclerosis. These lipid nanoparticles have been labeled with contrast agents and successfully employed in multimodal molecular imaging. Furthermore, the hydrophobic and hydrophilic core of HDL and liposomes have been loaded with relevant therapeutic agents. Cormode *et al.* developed multimodality HDL-mimicking nanoparticles by the incorporation of gold, iron oxide, or quantum dot nanocrystals for CT, MRI, and fluorescence imaging, respectively [@B34]. Gadolinium and rhodamine were also incorporated into nanosystems to get multimodal properties. By using confocal microscopy (CM), transmission electron microscopy (TEM), CT, T1-weighted MRI, T2-weighted MRI, and fluorescence imaging, this study demonstrated effective *in vitro* uptake of the HDL-like nanoparticles by macrophages. The *in vivo* applicability of the targeted nanocrystals of HDL for multimodality imaging of atherosclerosis was also demonstrated. Other researchers developed dextran-coated magnetofluorescent iron oxide nanoparticles labeled with the PET tracer ^64^Cu and a near-infrared fluorochrome to yield a PET-, MRI-, and optically detectable imaging agent [@B35]. Using these nanoparticles, it was possible to characterize by molecular and cell imaging the evolution of atherosclerotic plaques through analysis of the macrophages involved in inflammation [@B35].

In recent years, it was shown that inflammatory biomarkers could be used as an effective signal for early diagnosis of atherosclerosis. Pissuwan *et al.* employed a surface-enhanced Raman scattering (SERS) GNR probe as a tool for the early detection of inflammatory molecules in cells [@B50]. In this study, the GNR SERS probe detected significant differences in the expression of ICAM-1 in lipopolysaccharide (LPS)-treated macrophages compared to that in untreated macrophages [@B50]. In contrast, when fluorescent labeling or enzyme-linked immunosorbent assays (ELISA) was used to detect ICAM-1, no significant difference between inflamed and uninflamed macrophages was observed [@B50].

Nanoparticles for therapy of atherosclerosis
============================================

In the nanotechnology field, research on drug delivery systems is a promising area. Using nanotechnology strategies, it is possible to combine sustained release of the drug with targeting systems for delivery in specific tissues or targets.

Nanoparticles as vehicles for drug delivery
===========================================

In addition to systemic administration, current materials or devices can also be improved with drug delivery nanosystems. For instance, polymer nanoparticles have been used for drug delivery to treat restenosis after the percutaneous coronary intervention. In this study, polymer nanosystems composed of core-shell nanoparticles of polyethyleneglycol-based block copolymers encapsulating doxorubicin as an antiproliferative drug were selectively released to the balloon-injured artery [@B36]. Polymer nanoparticles were also used as drug delivery systems from the surface of the stents by Nakano *et al.*, who developed bio-absorbable polymeric nanoparticles of poly(lactic-co-glycolic acid) (PLGA) encapsulating a fluorescent marker, fluorescein isothiocyanate (FITC) [@B37]. This drug delivery nanosystem was used to coat the surface of the stainless-steel balloon-expandable stents. Compared with the dip-coated polymer-eluting stent, this nanoparticle-eluting stent system showed unique aspects of novel electrodeposition coating technology, vascular compatibility, and a better and more prolonged delivery of the FITC marker into the stented porcine coronary artery [@B37].

Leuschner *et al.* developed liposomes encapsulated with a small interfering ribonucleic acid (siRNA) to prevent the accumulation of monocytes in atherosclerotic plaques [@B38]. Since inflammatory monocytes depend on the chemokine receptor CCR2 for localization to injured tissues, siRNA released from the liposomes silenced the CCR2 receptor, reducing the number of monocytes/macrophages accumulating in inflammatory atherosclerosis by 82% [@B38]. In another instance, Duivenvoorden *et al.* developed reconstituted high-density lipoprotein nanoparticles (rHDL) loaded with a statin to inhibit inflammation in atherosclerotic plaques [@B39]. This study showed the potent anti-inflammatory effect of the statin-rHDL treatment to inhibit the plaque inflammation progression when administered using a three-month low‑dose regimen, while a one-week high-dose regimen markedly decreased inflammation in advanced atherosclerotic plaques [@B39].

Recently, the second generation of HDL nanoparticles was developed by incorporating PLGA polymer inside its hydrophobic core to allow the controlled release of drugs [@B40]. These hybrid PLGA/HDL biomimetic nanoparticles produced by microfluidics technology showed preferential uptake by macrophages due to the intrinsic characteristic of the HDL combined with a slow release profile of a hydrophobic dye from PLGA (**Figure [3](#F3){ref-type="fig"}**). Also, *in vivo* studies using an ApoE knockout mouse model of atherosclerosis showed clear accumulation of these PLGA-HDL nanoparticles in atherosclerotic plaques [@B40].

Nanoparticles with active targeting
===================================

Innovation in nanoparticles to treat atherosclerosis includes improving the blood half-life, vascular margination, and active targeting. Platelets can marginate to the vascular wall and specifically interact with vascular injury sites favored by their shape, flexibility, and complex surface interaction. Inspired by this, Anselmo *et al.* reported nanoparticles that exhibited platelet-like characteristics including injury-specific margination and adhesion and amplification of injury-specific aggregation [@B51]. These platelet-like nanoparticles (PLN) with discoidal morphology and mechanical flexibility, exhibited enhanced surface-binding compared to those with spherical and rigid discoidal morphology [@B51]. Moreover, site-selective adhesive and platelet-aggregatory properties under physiological flow conditions *in vitro* were obtained. *In vivo* studies showed that PLN accumulated at the wound site and induced around 65% reduction in bleeding time, effectively mimicking and improving the hemostatic functions of natural platelets [@B51].

A study conducted by Kheirolomoom *et al.* developed another interesting approach of active targeting to atherosclerotic plaques based on cationic lipoparticles (CCL) containing anti-miR-712 within the core and with a neutral coating decorated with a peptide (VHPKQHRGGSKGC) to target VCAM-1 [@B52]. Optical imaging validated disease-specific accumulation, as anti-miR-712 was efficiently delivered to inflamed mouse aortic endothelial cells *in vitro* and *in vivo*. Furthermore, an 80% lower dose of VHPK-CCL-anti-miR-712 as compared with naked anti-miR-712 prevented atheroma formation in a mouse model of atherosclerosis [@B52]. Recently, gold nanospheres (GNS) with VCAM-1-binding peptide (VHSPNKKGGSKGC) targeted to inflamed endothelium were also used as a vehicle for anti-miR-712 to inhibit the formation of atherosclerotic plaques [@B53].

Historical review of nanoparticles used in diagnosis and therapy of myocardial infarction
=========================================================================================

The evolution of the use of nanotechnology in diagnosis and therapy of MI is shown in the timeline scheme in **Figure [4](#F4){ref-type="fig"}**. The application of nanoparticles for MI began around the 90\'s with the use of SPION for MRI [@B54]. Targeted magneto-fluorescent nanoparticles and other hybrid nanoparticles based on iron oxide and gold have been used to diagnose, by multimodal imaging techniques, different processes involved in the MI such as cardiomyocyte apoptosis and phagocyte recruitment [@B55],[@B56]. From early 00\'s to date, polymer nanosystems, micelles, liposomes, extracellular vesicles, and lipid nanoparticles have been used for developing drug delivery strategies. The aim was to counteract a variety of pathological processes related to ischemia including the oxidative stress, inflammation, cardiomyocyte apoptosis, and ischemia/reperfusion injury, thus attenuating the post-MI pathological remodeling and avoiding heart failure [@B57]-[@B61].

Early detection of cardiac biomarkers, such as the cardiac troponin I (cTnI) released into the bloodstream during the myocardial damage process, has become important to decrease the risk of death. Around 2009, a study reported the use of highly sensitive biosensors using GNRnan [@B62]. Other conductive nanoparticles such as graphene and carbon nanotubes have also been used. Biosensors with increased sensitivity using nanoparticles are increasingly being used for the detection of relevant cardiac biomarkers such as cTn1, cTnT, myoglobin, and glutathione [@B63]-[@B65].

Following cardiac ischemia, regeneration strategies based on nanotechnology have been used in the last two decades. For instance, nanoparticles releasing growth factors or miRNA were employed to promote angiogenesis [@B66]. Also, scaffolds with conductive nanoparticles or nanostructured patches to support and stimulate the growth of stem cells and subsequent formation of new tissue are examples of other approaches explored for cardiac regeneration after MI [@B67]-[@B72].

During the last several years, SPION continued to play a significant role in cardiac diagnosis by MRI. New functionalities and targeting molecules have been explored to improve their selectivity and sensitivity in the detection of biochemical and cellular processes during MI [@B73].

A more detailed description of the studies that have developed nanosystems for the diagnosis and treatment of MI is given below.

Nanoparticles for diagnosis of myocardial infarction
====================================================

For cardiac imaging, contrast agents are necessary to differentiate the myocardium tissue from the heart lumen [@B74]. A chronological description of studies on nanoparticles used in MRI, CT, and multimodal imaging as well as in the biomarkers detection applied to MI is presented below.

Magnetic resonance imaging
==========================

The advantages of cardiac MRI include its tomographic nature, high spatial and temporal resolution, and excellent soft tissue contrast. The first nanoparticles to be used for MRI of the heart were the superparamagnetic ferrite nanoparticles AMI‑25 employed in studies of myocardial reperfusion reported in 1989 [@B54]. Signal intensity remained constant after the injection of AMI-25 in the presence of the occlusion and decreased significantly with reperfusion. The signal intensities were similar in different myocardial regions at all stages of occlusion and reperfusion [@B54]. During the 90´s and early 00´s, SPION was frequently utilized for imaging of the myocardium by MRI. For instance, Chapon *et al*. used SPION to discriminate between infarcted and normal tissues in rats by high-field MRI (T2-weighted images) [@B75]. The same year, Kraitchman *et al*. obtained poly-L-lysine-SPION (Feridex)-mesenchymal stem cells (MSC) to track the MSC magnetically in a swine MI model. MRI tracking of MSC was feasible and represented a preferred method for studying the engraftment of MSC in MI, allowing the evaluation of the enormous therapeutic potential of MSC for limiting infarct size and restoring cardiac function after MI [@B76]. Amsalem *et al*. also labeled MSC with SPION to track them in a rat model of MI. At four weeks after the transplantation of SPION-labeled MSC, the authors observed the MRI signal sources from cardiac macrophages that engulfed the SPION nanoparticles [@B77].

Inflammation following acute MI has detrimental effects on reperfusion, myocardial remodeling, and ventricular function. Alam *et al.* were pioneers in the use of USPIO nanoparticles to detect the cellular inflammation in human cardiac tissues by MRI. Sixteen patients with acute ST-segment elevation MI were evaluated, acquiring T2-weighted multigradient-echo sequences and R~2~\* values for specific regions of interest. Uptake of USPIO nanoparticles occurred in the infarcted and remote myocardium [@B78]. Yilmaz et al. showed in humans that a commercial USPIO-based contrast agent (ferumoxytol, Feraheme^TM^) enabled a more detailed characterization of MI using T2-weighted MRI compared to gadolinium-based compounds, mainly by detecting infiltrating macrophages [@B79]. Considering the multi-functionality of USPIO-based nanoparticles and their superior safety profile, these observations open up new vistas for the clinical application of USPIO.

Recently, new functionalities of SPION conjugated with recombinant 70 kDa heat shock protein (Hsp70) have been explored [@B73]. An increased CD40-mediated cellular uptake of Hsp70-SPION nanoparticles was observed compared to non-conjugated SPION. Following the induction of acute infarction in rats, SPION and Hsp70-SPION were injected intravenously, and subsequent MRI and biodistribution analyses indicated the preferential accumulation of the Hsp70-SPION in the cardiac tissue [@B73].

Computed tomography
===================

Computed tomography is a powerful imaging technique that has several strengths, such as high spatial and temporal resolution, and excellent quantitative capabilities. CT using nanoparticles as contrast agents has been mainly used to evaluate the coronary artery in atherosclerosis. Some studies have evaluated the feasibility of using nanoparticles for CT to evaluate the MI processes in small animals. For instance, Danila *et al*. used gold nanoparticles functionalized with a peptide that recognized collagen (collagen adhesion, CNA35) to target the myocardial scar [@B80]. The purpose of this was to provide adequate contrast for CT imaging. Although the small size of the experimental animals (mouse) and the even smaller size of the myocardial scar were a challenge for this method, this study was the first to utilize AuNPs for myocardial scar detection with CT imaging and must be further developed in the future. Nevertheless, the results of this investigation indicated that in the mice with larger scar burden, the use of AuNPs allowed detection of the focal contrast enhancement in the myocardium that was not observed in the control animals [@B80].

Recently, Sawall *et al.* developed a pre-clinical micro-CT method using a contrast agent based on nanocapsules with high iodine concentration (ExiTron^TM^ MyoC 8000) to longitudinally monitor cardiac processes *in vivo* in healthy and MI-inflicted mice [@B81]. The study also evaluated nanoparticles of high alkaline-earth metal content (ExiTron^TM^ nano) [@B81]. Due to its ability to be taken up by infarct myocardium but not by healthy tissue, ExiTron MyoC 8000 enabled detection of MI even at a very low dose. The signal enhancement after contrast agent injection was exploited for quantification of infarct size. Thus, the developed micro-CT method allowed monitoring of a variety of processes such as cardiac remodeling in longitudinal studies [@B81]. In another study, Cormode *et al.* used AuNPs with an iodinated contrast agent in a new prototype spectral photon-counting computed tomography (SPCCT) system [@B82]. They found that the contrast material maps clearly differentiated the distributions of gold and iodine in the tissues, allowing quantification of the contrast agents\' concentrations, which matched their expected pharmacokinetics [@B82]. Furthermore, rapid, repetitive scanning was done, which allowed measurement of contrast agent kinetics with high temporal resolution. In conclusion, a clinical scale, high count rate SPCCT system was able to discriminate between gold and iodine contrast media in different organs *in vivo*, including the left ventricle [@B82]. Such rapidity of scanning has not been demonstrated to be able to assess arterial input function for potential quantification of abnormal tissue perfusion, as in the case of MI [@B82].

Other diagnostic techniques and multimodal imaging
==================================================

Cardiomyocyte apoptosis has been implicated in numerous cardiac diseases such as ischemia, reperfusion injury, and heart failure. However, the absence of a reliable biomarker to detect and characterize cardiomyocyte apoptosis *in vivo* has hindered the translation of this basic molecular understanding into clinical practice. A highly suitable ligand for targeted apoptosis imaging is Annexin V, which binds selectively and with a high affinity to the phosphatidylserine expressed on the membrane of apoptotic cells. Sosnovik *et al.* showed the feasibility of imaging cardiomyocyte apoptosis *in vivo* by high-resolution MRI and *ex vivo* by fluorescence imaging using annexin V-labeled magnetic and fluorescent nanoparticles (Annexin V-cross-linked iron oxide-Cy5.5 nanoparticles, AnxCLIO-Cy5.5) [@B55] (**Figure [5](#F5){ref-type="fig"}**).

Another magneto-fluorescent nanoparticle CLIO-VT750 was employed by Nahrendorf *et al.* for imaging of phagocyte recruitment as a multimodal tool to serially and noninvasively assess cellular and molecular functions in post-infarct inflammation [@B56]. They used multichannel fluorescence molecular tomography (FMT)-CT to detect impaired recruitment of phagocytes and protease activity mediated by macrophages and neutrophils in murine infarcts [@B56]. FMT-CT with CLIO-VT750 nanoparticles was shown to be a promising noninvasive molecular imaging approach to characterize infarct healing [@B56].

During the myocardial damage process, the cardiac troponin I (cTnI) is released into the bloodstream. Early detection of cTnI in the serum of patients with higher risk of MI can decrease the risk of death. For instance, Guo *et al.* developed a facile and rapid solution-phase method to detect human cTnI using anti-human cTnI-labeled GNR-based biosensors [@B62]. Sensing with a detection limit of 10 ng/mL was shown by the change in the plasmon resonance wavelength of the GNR with specific antibody‑antigen binding events [@B62].

In the last few years, nanoparticles such as GNP, carbon dots, and graphene have continued to be key protagonists of different types of sensors (e.g., electrogenerated chemiluminescence sensor) to enable multiple and ultrasensitive detection of relevant cardiac biomarkers as cTn1, cTnT, myoglobin, and glutathione [@B63]-[@B65].

Nanoparticles for therapy of myocardial infarction
==================================================

Nanoparticles for therapy of MI have been used as vehicles to deliver therapeutic agents to mitigate inflammation, oxidative stress, and necrosis, among other processes. Furthermore, some nanocomposites and templates (e.g., scaffolds or patches) have been developed to support cell growth and promote cardiac regeneration.

Nanoparticles as vehicles for drug delivery
===========================================

Lukyanov *et al.* prepared micelles of polyethyleneglycol/phosphatidyl-ethanolamine conjugates (PEG-PE) with a size of 7-20 nm, which were administered into rabbits with MI [@B57]. These micelles showed a prolonged circulation time in blood (half-life of 2 h) and accumulated in the infarction zone with 8-fold higher efficiency compared to a non-damaged part of the heart muscle [@B57]. These results suggested that the PEG-PE micelles can be used for the delivery of drugs due to their accumulation in the infarct areas mediated by the enhanced permeability and retention (EPR) effect due to the inflammatory process.

Inflammation and oxidative stress have been key players in ischemic heart disease. Oxidative stress due to excessive production of reactive oxygen species (ROS) plays a key role in the pathogenesis of cardiac remodeling leading to heart failure. Cerium oxide (CeO~2~) nanoparticles have shown protection of cells in culture from oxidative stress. For instance, Niu *et al.* assessed the effects of CeO~2~ nanoparticles on cardiac function and remodeling as well as the endoplasmatic reticulum (ER) response in a murine model of cardiomyopathy. CeO~2~ nanoparticles protected against the progression of cardiac dysfunction and dilatation by attenuating the myocardial oxidative stress, ER stress, and inflammatory processes [@B83].

Nanoparticles with RNA have also been used to counteract the oxidative stress produced after MI. For instance, the CCR2 receptor, which governs inflammatory Ly-6C high monocyte subset traffic, was silenced by RNA-loaded lipid nanoparticles attenuating the infarct inflammation and the post-MI left ventricular remodeling [@B58]. Another important gene silenced by a complex of siRNA and low molecular weight polyethyleneimine modified with deoxycholic acid (PEI-DA) was the Src homology region 2 domain-containing tyrosine phosphatase-1 (SHP-1). In this instance, the PEI‑DA/siRNA complexes silenced the SHP-1 gene expression in cardiomyocytes, which led to a significant inhibition of cardiomyocyte apoptosis under hypoxia [@B59].

Currently, the use of engineered extracellular vesicles (EV) for the treatment of cardiac diseases is being investigated [@B84]-[@B87]. EV, especially their exosome fraction, are a key component of paracrine secretion in many cell types. Exosomes are 40-150 nm-sized particles stored intracellularly in endosomal compartments, which are secreted for cell communication. Barile *et al.* isolated exosomes from cardiac progenitor cells (CPC) and injected them in infarcted heart, thus leading to decreased cardiomyocyte apoptosis, enhanced angiogenesis, and improved ejection fraction compared with hearts injected with control medium [@B60].

Recently, ischemia-reperfusion (IR) injury was treated in a preclinical porcine model with PLGA nanoparticles loaded with pitavastatin (3-hydroxy-3-methylglutaryl coenzyme-A reductase inhibitor), which showed a cardioprotective effect associated with activation of the PI3K-Akt pathway and reduced inflammation [@B61]. Transplantation of gene‑transfected bone marrow-derived mesenchymal stem cells (BMMSC) is also a promising strategy for ischemic myocardium repair. However, the current therapeutic strategy suffers from high toxicity and inefficient gene transfection. To overcome this challenge, Zhu *et al.* synthesized organic-inorganic hybrid hollow mesoporous organosilica nanoparticles (HMONs) loaded with the hepatocyte growth factor (HGF) gene to transfect BMMSC. HGF gene-transfected BMMSC decreased apoptotic cardiomyocytes, reduced infarct scar size, relieved interstitial fibrosis, and increased angiogenesis in the myocardium, thus improving myocardial function [@B88].

Regenerative therapy and scaffolds
==================================

The promotion of angiogenesis is essential for the regeneration of the cardiac tissue after ischemia. For instance, Sang Oh *et al.* [@B67] prepared vascular endothelial growth factor (VEGF)-loaded core/shell nanoparticles for the regeneration of ischemic heart. The core of these nanoparticles was composed of lecithin-containing VEGF and the shell of the Pluronic® F-127 triblock copolymer. The results showed that these VEGF-loaded nanoparticles improved heart functions, in particular, the ejection fraction and cardiac output [@B66].

Other researchers designed nanostructures to mimic the strong angiogenic signal of the VEGF protein [@B89]. These VEGF-mimicking nanostructures were obtained by self-assembly of peptide amphiphiles forming nanoscale filaments that displayed a VEGF-mimetic peptide on their surface. These VEGF-mimetic filaments induced phosphorylation of VEGF receptors and promoted proangiogenic behavior in endothelial cells. *In vivo* studies elicited an angiogenic response in the host vasculature. When the nanofibers were evaluated in a mouse hind-limb ischemia model, increased tissue perfusion and functional recovery were observed, illustrating a promising synthetic therapeutic strategy to regenerate the microcirculation and restore perfusion to ischemic tissue [@B89]. Another strategy to foster cardiac regeneration after ischemia or heart attack is the use of porous matrices called scaffolds, which provide mechanical support for the cellular and vascular growth. In the last decade, several approaches based on scaffolds have been developed. For instance, Dvir *et al.* showed that incorporating gold nanowires within alginate scaffolds could bridge the alginate pore walls and thus improve the electrical communication between adjacent cardiac cells [@B67]. Cardiac tissue grown on these composite scaffolds was thicker and better aligned than that grown on the alginate matrix without gold, and when the composite scaffold was electrically stimulated, the cells in these tissues contracted synchronously [@B67]. A similar study prepared a conductive scaffold with Young\'s moduli similar to the myocardium based on a porous matrix of hydroxyethyl methacrylate with GNP [@B68]. The study showed that the connexin 43 protein was upregulated in cardiomyocytes seeded into the conductive scaffolds, stimulated electrical signaling between cells, and improved the cardiomyocyte function [@B68]. Carbon nanotubes (CNT) were also used to give conductive cues to polymer scaffolds used in cardiac regeneration. Mooney *et al.* prepared electrically stimulated MSC exposed to medium containing CNT and seeded on CNT/polylactic acid scaffolds [@B69]. After electrical stimulation, the cells reoriented perpendicular to the direction of the electrical current and adopted an elongated morphology. Moreover, an upregulation of the cardiac markers such as myosin heavy chain, cardiac homeobox protein (Nkx2.5), transcription factor GATA-4, cardiac troponin T (cTnT), and connexin43 was detected [@B69].

Another way to foster the formation of a stem cell niche and stimulate myocardial regeneration using nanotechnology is through the design of a nanopattern on artificial matrices used as cardiac patches. Kim *et al.* used autologous cardiosphere-derived cells (CDC) with nanotopographically defined hydrogels, mimicking the native myocardial matrix to form cardiac stem cell niches and control the cell function and differentiation [@B70]. Highly anisotropic and controlled augmentation of cell adhesion, migration, and proliferation was obtained in cell cultures. Using a rat infarction model, engraftment of nanofabricated patches with CDC enhanced retention and growth of the transplanted cells, and their integration with the host tissue was observed [@B70].

Another GNP/scaffold with improved conductivity was developed by Shevach *et al.* by depositing GNP on fibrous decellularized matrices [@B71]. The gold-hybrid scaffolds exhibited a superior function than pristine patches as cardiac cells had elongated and aligned morphology and organized electrical coupling proteins (connexin 43) [@B71]. Strategies with injectable hydrogels for myocardial therapy have also been explored using low-modulus methacrylated gelatin (GelMA), which could efficiently deliver a nanocomplex of polyethyleneimine (PEI) functionalized with graphene oxide (fGO) and a VEGF pro-angiogenic gene (**Figure [6](#F6){ref-type="fig"}A**) [@B72]. *In vitro* transfected cardiomyocytes secreted VEGF and exhibited profound mitotic activities on endothelial cells [@B72]. fGOVEGF/GelMA hydrogels, which were injected in the peri-infarct region, reduced the scar area in the infarcted heart compared to those of the untreated sham, GelMA, or DNAVEGF/GelMA groups (**Figure [6](#F6){ref-type="fig"}B**). Furthermore, the fGOVEGF/GelMA group showed significantly higher cardiac performance by echocardiography (**Figure [6](#F6){ref-type="fig"}C**) [@B72]. Other types of nanoparticles have been incorporated into scaffolds in combination with other therapeutic strategies such as stem cells and therapeutic molecules for cardiac regeneration. Another strategy based on nanoparticles and polymer scaffolds was evaluated recently to stimulate angiogenesis and differentiation of stem cells into cardiomyocyte lineage by incorporating bioactive glass nanoparticles (nBG) into gelatin-collagen hydrogels [@B90]. The findings suggested that nBG inclusion in a hydrogel scaffold promoted angiogenesis by increasing VEGF secretion level, and induced differentiation in human endometrial stem cells (EnSC) toward endothelial lineage [@B90]. In another study, nanoclays were incorporated into GelMA hydrogels for the controlled release of growth factor-rich conditioned media (secretome) [@B91]. This nanocomposite scaffold provided a dual action therapeutic system through its pro-angiogenic and cardioprotective capacity providing an alternative to stem cell therapy for the cardiac regeneration after MI [@B91].

The findings described above show the evolution of nanoparticles since the end of the 80´s, revolutionizing the possibilities of diagnostic and treatment strategies for atherosclerosis and MI. The last years have witnessed the evolution of multifunctional nanoparticles consisting of versatile materials conjugated with organic biomolecules for more specific, precise, and safe diagnosis and treatment.

From diagnosis and therapy to theranostic approaches
====================================================

The development of multifunctional nanoparticles and new strategies based on nanotechnology have generated new clinical challenges. A significant challenge is the need to assess the long-term effect of the treatment following changes in cellular processes and physico-chemical characteristics of the tissues. Based on their intrinsic properties, nanoparticles (nanocomposites, nanoconjugates, and nanocomplexes, among others) with optical and magnetic properties are used as contrast agents, vehicles for the delivery of therapeutic molecules, or directly in the treatment. The combination of optical and plasmonic properties of GNPs, along with tailored interactions between drugs and polymers, could be useful for combining diagnosis and treatment. These new approaches gave rise to the term "theranostics", which is described by the National Institutes of Health (NIH) as the application of nanobiomaterials and devices at the molecular level for personalized diagnosis, imaging, and therapy [@B92]. The term "theranostics" was employed for the first time in the early 00´s [@B93] and in recent years has become a field with rapid growth and great future. In the cardiovascular field, theranostic strategies based on nanotechnology started to be used in 2006. The timeline shown in **Figure [7](#F7){ref-type="fig"}** depicts some milestones in the use of nanoparticles for atherosclerosis and MI.

There is a need to diagnose and treat vulnerable plaques in atherosclerosis before clinical manifestations. In particular, the macrophages have emerged as a key biological, imaging, and therapeutic target for atherosclerosis. For instance, Weissleder *et al.* prepared theranostic nanoparticles based on dextran-coated SPION conjugated with Alexa Fluor 750 [@B94]. A potent photosensitizer, 5-(4-carboxyphenyl)-10,15,20-triphenyl-2,3-dihydroxychlorine (TPC) was covalently conjugated to the fluorescent magnetic nanoparticles for a phototherapy procedure of the plaque by cytotoxic singlet oxygen. This nanosystem allowed the highly efficient killing of murine and human macrophages *in vitro*, which was detectable by MRI and near-infrared fluorescence imaging [@B94]. Another pioneering study of a theranostic strategy was described by Winter *et al.*, who prepared α~v~β~3~ integrin-targeted paramagnetic nanoparticles with the peptidomimetic vitronectin antagonist conjugated to PEG~2000~ phosphatidylethanolamine [@B95]. This nanosystem was used for the selective delivery of fumagillin (mycotoxin produced by Aspergillus fumigatus, which suppresses angiogenesis by inhibition of methionine aminopeptidase 2 (Met AP2)) and inhibited angiogenesis in the plaques. Polyak *et al.* used polymer-coated SPION for magnetic targeting of endothelial cells to the surface of steel stents as a cell therapy strategy for injured arteries [@B96]. *In vivo* SPION-loaded bovine aortic endothelial cells transduced with adenoviruses expressing luciferase (Luc) were targeted to the stent under the presence of a uniform magnetic field and showed high Luc expression by *in vivo* optical imaging [@B96]. Another theranostic strategy based on magnetic nanoparticles was used by Ma *et. al.* [@B97], which consisted of nanoclusters composed of closely spaced gold-coated SPION. These nanoclusters were coated with dextran, allowing high uptake by macrophages. A strong NIR contrast in dark field and hyperspectral microscopy was obtained both in cell cultures and in an *in vivo* rabbit model of atherosclerosis [@B97]. In 2010, McCarthy *et al.* prepared dextran-coated SPION modified with near-infrared fluorophores and light-activated therapeutic moieties to stabilize the atherosclerotic plaques [@B98]. After intravenous administration, the nanoagent was localized within the macrophage-rich atherosclerotic lesions by fluorescence microscopy. Irradiation of the atheroma led to the phototoxic activation of the therapeutic component and eradication of inflammatory macrophages [@B98].

Besides magnetic nanoparticles, micelles have been prepared for theranostics of the atherosclerotic plaques. Peters *et al.* obtained multifunctional micelles composed of a 1,2-distearoyl-sn-glycero-3-phosphoethano-lamine (DSPE) tail, a PEG~2000~ spacer, and a variable head group based on the carboxyfluorescein (FAM)- cysteine-arginine-glutamic acid-lysine-alanine (CREKA) peptide, and an infrared fluorophore, or the hirulog peptide (anticoagulant) (**Figure [8](#F8){ref-type="fig"}A**) [@B99]. These CREKA-targeted micelles showed fluorescence and antithrombin activity in the atherosclerotic plaques of ApoE-null mice (**Figure [8](#F8){ref-type="fig"}B-C**). As a targeting strategy, the authors also demonstrated the affinity of the CREKA pentapeptide to fibrin-fibronectin complexes in clotted plasma, the residing place of the plaques [@B99]. The same research group also evaluated in multifunctional nanosystems another relevant 9-amino acid cyclic peptide, LyP-1 with binding ability to atheroma-associated macrophages in plaques [@B100],[@B101].

Other nanoparticles used for photothermal ablation of macrophages in atherosclerotic plaques were single wall carbon nanotubes (SWNT) functionalized with Cy5.5 fluorescent dye (Cy5.5-SWNT) [@B102]. Cy5.5-SWNT showed higher signal intensity in ligated carotids compared with sham by near-infrared fluorescence imaging. Light (808 nm) exposure of carotids with SWNT showed heat-induced apoptosis in macrophages, which was absent in control groups without SWNT or light exposure [@B102].

The pathogenesis of ischemia/reperfusion (I/R) injury is characterized by the generation of a high level of hydrogen peroxide (H~2~O~2~). For instance, Lee *et al.* prepared polyoxalate copolymer nanoparticles (HPOX) as a novel diagnostic and therapeutic strategy for I/R injury [@B103]. These nanoparticles had the ability to react with H~2~O~2~ to perform peroxalate chemiluminescence reaction in the presence of fluorescent compounds. Furthermore, 4-amino-1,8-napthalimide (4-AN) was incorporated into the nanoparticles as a model drug. HPOX nanoparticles generated a robust image of H~2~O~2~ in the hind limb IR injury and effectively released the anti-apoptotic drug after I/R injury, exhibiting their effectiveness as an imaging agent and drug delivery system [@B103]. Another type of nanoparticle with the ability to react with reactive oxygen species (ROS) in macrophages was a chlorin e6 (Ce6)-hyaluronic acid (HA) conjugate (Ce6-HA), which became highly fluorescent and phototoxic when reacting with ROS, especially peroxynitrite. Upon illumination, Ce6-HA nanoparticles showed significant potential for selective NIR fluorescence imaging and highly phototoxic effect on macrophages [@B104].

Cheng *et al.* prepared imageable SPION conjugated to two different types of antibodies: one was to facilitate *in vivo* binding of the particles to the injured myocardium and the other was for the subsequent capture and localization of endogenous or exogenous therapeutic cells. MRI, fluorescence microscopy, and the echocardiography showed that these bifunctional nanoparticles improved the localization of exogenous therapeutic cells in myocardial infarcted rat, and helped to preserve the structure and cardiac function post-infarction. Application of an external magnetic field to attract the superparamagnetic nanoparticles allowed localization of the nanoparticles and improved the cardiac function [@B105].

Hybrid lipid-latex (LiLa) nanoparticles with lipids bearing phagocytic signals or "eat me" signals were prepared by Bagalkot *et al.* as an effective strategy to improve the targeting and uptake of nanoparticles by macrophages [@B106]. These LiLa nanoparticles were self-assembled with anti-inflammatory drugs, gadolinium, and fluorescein. In a mouse model of atherosclerosis, LiLa nanoparticles targeted macrophages, allowing noninvasive imaging of atherosclerotic plaques by MRI as well as treatment [@B106]. GNP have also been developed as a theranostic strategy for atherosclerotic plaques. In recent years, GNR and gold-silica nanoparticles were used for photothermal ablation and optical imaging of macrophages, showing high cell-killing efficacy after NIR irradiation [@B107],[@B108]. Additionally, Simian virus 40 (SV40)-based nanoparticles with near-infrared quantum dots, a targeting element (peptides for VCAM-1, macrophages, and fibrin), and a drug component (anticoagulant drug Hirulog) were prepared for targeted imaging and therapy of atherosclerosis [@B109]. These SV40-based nanoparticles were a suitable theranostic platform for *in vivo* optical imaging, molecular targeting, and drug delivery in atherosclerosis [@B109]. In another theranostic example, gold nanostars conjugated to the drug mitoxantrone (MTX) were used for SERS of cancer cells, and for delivery of the antitumoral drug, which had shown a nonspecific anti-inflammatory effect for patients with CVD [@B110]. After intravenous administration, gold nanostars massively accumulated in the heart of healthy mice (**Figure [9](#F9){ref-type="fig"}A**) due to the presence of a highly organized vascular structure in the heart favoring the accumulation of drugs. Absorbance FTIR maps also showed the high intensity of MTX-nanostars in the heart tissue (**Figure [9](#F9){ref-type="fig"}B**). The multiple vertices of the nanostars could enhance the MTX signal in the infrared range, thus providing the location and density of MTX-nanostars in cardiac tissue. Consequently, the experimental setting could reduce laboratory operations and maintenance costs. This method proved to be effective in detecting drug accumulation, which is relevant for controlling spatial and temporal drug release. Confocal microscopy images and immunolocalization staining of the heart and aorta tissues confirmed that the MTX-nanostars could cross the endothelial membrane (**Figure [9](#F9){ref-type="fig"}C**) [@B110]. These results confirmed great potential of this theranostic strategy for patients with CVD.

Transplantation of autologous mitochondria to the myocardial ischemic zone is expected to augment or replace the function of the damaged mitochondria and allow for enhanced post-ischemic functional recovery and preservation of cell viability. Cowan *et al.* utilized SPION and 18F-rhodamine to deliver and visualize (PET, CT and MRI) exogenous mitochondria in the injured heart. The nanoparticle-based delivery of autologous mitochondria through the coronary vasculature significantly decreased infarct size and enhanced post-ischemic myocardial function [@B111].

Cardiac patches have also evolved for theranostic approaches. For instance, Feiner *et al.* developed hybrid cardiac patches with multifunctional electronics for online monitoring and regulation of tissue function. These engineered cardiac patches integrated cardiac cells with flexible, free-standing electronics and a 3D nanocomposite scaffold. The patch recorded the cellular electrical activities and the on-demand provision of electrical stimulation to synchronize cell contraction [@B112]. The researchers also showed that electroactive polymers containing biological factors could be deposited on designated electrodes in the patch for the release of drug on demand [@B112].

High-density lipoprotein-like nanoparticles have also been applied as a theranostic strategy for CAD. Recently, a study developed high-density lipoprotein-like magnetic nanostructures (HDL-MNS), synthesized by coating phospholipids and apoA1 onto magnetite nanostructures as a theranostic strategy for atherosclerosis [@B113]. HDL-MNS showed contrast by MRI that was five times higher than that of commercially available contrast agents (*e.g.*, Ferumoxytol). Internalization of HDL-MNS by macrophages was confirmed and successfully imaged by MRI. Also, the HDL-MNS particles showed the ability to induce cholesterol efflux from macrophages comparable to natural HDL, thus providing a pathway to prevent and treat CAD via reverse cholesterol transport [@B113]. Recently, antioxidant nanoparticles and targeting of oxidative stress along with diagnostic nanoparticles as theranostic nanosystems for CVD have generated considerable interest [@B114],[@B115].

The above-described studies showed evolution of the nanoparticles to theranostic tools with great potential for the diagnosis and treatment of CVD, specifically atherosclerosis and MI. A more general view of the evolution of the nanotechnology applied to CVD is shown in **Figure [10](#F10){ref-type="fig"}**. This tendency chart was made from the ISI publications reported on the Web of Knowledge database for the topics: i) Nanoparticles for CVD, ii) Nanoparticles for CVD diagnosis, iii) Nanoparticles for CVD therapy, and iv) Nanoparticles for CVD theranostics.

As shown in **Figure [10](#F10){ref-type="fig"}**, studies focused on nanotechnology for CVD showed an impressive increase since 2005. These studies were related to a greater number of publications on nanosystems for imaging and therapy of CVD. Before 2004, fewer than ten articles were published each year on these topics. This increase was initially due to the use of nanoparticles as contrast agents for cardiovascular imaging. After 2010, different approaches of nanoparticles for therapy showed a higher rate of increase in publications, surpassing the imaging applications. Publications using the concept of "theranostic" or "theragnosis" appeared in 2006, and to date, about 101 articles have been published. Before 2012, fewer than ten papers were published per year and after 2013, between 13 and 17 articles per year have been published, showing a tendency of slow growth of this topic. This analysis was performed only with articles that used the concept "theranostic" to describe the multifunctional nanosystems. This analysis shows the ongoing application of theranostic strategies to CVD, with is in contrast to theranostic strategies for cancer, which registered around 2,400 articles to date. This difference is related to the much earlier use of nanoparticles for cancer ablation and drug delivery due to their high accumulation in tumors. In recent years, nanosystems used as vehicles for drugs, contrast agents for imaging, and novel biomolecules for targeting are advancing the use of theranostic strategies for CVD.

**Figure [11](#F11){ref-type="fig"}** shows a tendency chart with the number of patents reported in the database of the World Intellectual Property Organization (WIPO). Patents related to nanosystems applied to CVD appeared around the 00´s with the first publications on iron oxide nanoparticles for MRI. After 2005, there was an increase of 10-20 applications per year with a tendency of a larger number of patents related to therapy than diagnosis. To date (2018), patents using the concept "theranostic" for cardiovascular applications do not exist in the WIPO database, whereas about 15 cancer patents were found, showing more significant activity in this field.

Toxicology of nanomaterials for potential theranostic applications
==================================================================

Despite the great potential of nanomaterials for theranostic applications [@B116], it is important to consider their potential toxic effects. Although the nanotoxicological aspects of nanomaterials are beyond the scope of this review, it is necessary to briefly consider the potential adverse effects of nanoparticles with theranostic applications. For more details on this topic, we refer readers to a recently published review [@B117].

Nanoparticles can generate toxicity by several mechanisms including ROS production, DNA injury, protein misfolding, membrane perturbation and direct physical damage. Almost all nanoparticles can generate ROS [@B117], while metal or metal oxide nanoparticles, such as titanium oxide nanoparticles, are more likely to induce oxidative stress, which is evident from the increase in lipid peroxidation levels in the liver, kidneys, and spleen [@B118]. On the other hand, cerium oxide nanoparticles reduced cell viability, increased ROS levels, lipid peroxidation and cellular membrane damage in a dosage-dependent manner [@B119],[@B120]. ROS production-related oxidative damage to mitochondrial function was observed for silver nanoparticles [@B121]. Also, gold nanoparticles caused a down-regulation of antioxidant enzymes favoring oxidative stress [@B122].

Nanoparticles can also produce an inflammatory response. Numerous studies reported that nanoparticles could increase levels of several inflammatory cytokines and expression of relevant mRNAs. For instance, silica nanoparticles have been shown to cause a significant increase in the release of several pro-inflammatory cytokines [@B123] and carbon nanotubes could cause lesions in lung epithelia in a dose-dependent manner and persistent interstitial inflammation on chronic exposure [@B124]. Amphiphilic polymeric micelles, ((poly(ethylene glycol)-polyglycerol- poly(ε-caprolactone) (PEG-PG-PCL), poly(ethyl ethylene phosphate)-co-poly(ε-caprolactone) (PEEP-PCL), poly(ethylene glycol)-poly(ε-caprolactone) (PEG-PCL), and poly(ethylene glycol)-distearoyl-sn-glycero-phosphoethanolamine (PEG-DSPE)), induced changes in cell size at high concentrations and augmented pro-inflammatory molecules as a consequence of the increased ROS level, but no evidence of a toxic effect on cellular membranes was described [@B125].

Nanoparticles can affect vascular hemostasis and blood platelet function. For example, nanodiamonds stimulated platelet aggregation and increased thrombosis *in vitro* and *in vivo* [@B126],[@B127]. Other inorganic nanomaterials, such as silica nanoparticles [@B128], gold nanoparticles, and quantum dots may also stimulate platelet activation [@B129]. Zhu *et al.* reported that iron oxide NPs may increase microvascular permeability and cell lysis in lung epithelia and disturb blood coagulation parameters significantly [@B130].

The physicochemical properties of nanoparticles such as the aggregation state, charge, size, and surface properties can play an important role in toxicity, as was observed for carbon nanoparticles [@B131]. For example, smaller size nanoparticles commonly result in higher tissue distribution and commonly cause overt adverse effects compared to larger size nanoparticles such as silver and gold nanoparticles [@B132]-[@B134]. Certain coating materials like PEG and peptides could significantly reduce the potential toxicity of gold nanoparticles on cell viability [@B135]. Similarly, the functionalization of quantum dots with antibodies decreased the toxicity of these nanoparticles [@B136].

It is clear that there are potential risks involved in the use of nanomaterials. We summarized some of these adverse effects and some strategies to reduce these effects. Given the intrinsic properties of nanomaterials, their safe clinical application would be different from the classical paradigm established for conventional drugs. In this regard, the FDA and the EU agency have already set up robust schemes for the approval of new nanopharmaceuticals [@B137].

Future perspectives and clinical challenges
===========================================

Nanomedicine, the medical application of nanotechnology, is a promising field of study primarily due to the unique properties obtained at the nanometer size. Research publications, clinical trials, and FDA-approved therapeutics and nanoparticle-containing imaging agents have been increasing in the last decades, and this trend is expected to continue. Most of these nanomedicine-based drugs and imaging agents that are FDA approved or in clinical trials entail passive targeting via the EPR effect [@B23], [@B140]. However, in recent years, the trend is to create more complex nanosystems with new materials incorporating active targeting molecules and the ability to modulate the effect in a spatial and temporal manner, as displayed schematically in**Figure [12](#F12){ref-type="fig"}**.

These challenges, in the context of CVD, necessitate precision drug delivery and early detection of atherosclerotic plaques. For this purpose, the identification of target molecules such as α~v~β~3~-integrins (angiogenesis marker) and inflammation markers such as VCAM-1, ICAM-1 and E-selectin will be useful for active targeting of the atherosclerotic plaques [@B28],[@B32],[@B33]. For more details about active targeting related to inflammation markers and nanosystems, readers are referred to recent reviews covering these topics [@B139]-[@B141].

The important aspects for the development of the next generation of diagnostic nanodevices for medical applications include a) identification of new markers for designing active targeting and dual targeting approaches, b) use of different materials such as thermal-, optical-, or pH-sensitive polymers or lipids to improve the delivery, and c) taking advantage of some physical properties, such as plasmonic effect, to create hyperthermia. There are studies of new kinds of high-density lipoprotein (HDL)-like nanoparticles that are completely biocompatible and possess a natural affinity for the macrophages of atherosclerotic plaques [@B30]. These protein-based nanoparticles are good candidates to engineer nanosystems and by modification of their surfaces is possible to improve the vectorization. Furthermore, the use of exosomes appears to be an exciting approach to target organs and cells for nanotheranostic applications. Also, inorganic nanoparticles such as gold, magnetic nanoparticles, carbon nanotubes and lanthanides, continue to be important players for theranostic strategies in CVD.

The combination of these nanostructures with biomolecules will lead to the evolution of nanodevices generating theranostic nanosystems with diagnosis and treatment in the same device. These nanosystems will be helpful in detecting the presence of atherosclerotic plaques in asymptomatic patients, which is the major challenge in CVD considering that early detection is fundamental to the outcome of patients with MI.

Despite the benefits and potential of the evolving theranostic nanosystems, their complexity presents a significant challenge to meet the FDA standards and achieve translation to clinical application. The FDA\'s draft guidance indicates that an exhaustive characterization of the nanomaterial is required, including physical and chemical characterization and pharmacological parameters [@B142]. Several aspects related to the clinical translation of nanomedicines need to be addressed before their effective and safe use in human patients. For instance, it is essential to ensure that the efficacy and safety results obtained with laboratory equipment are effectively the same during clinical analysis, as the techniques used in the laboratory are not directly applicable to the clinic. Furthermore, the behavior of nanosystems in the dynamic physiological and pathological alterations *in vivo* is not well defined. Survivability of nanoparticles in plasma and accumulation in non-targeted organs and tissues need to be further investigated as well as biocompatibility and biodegradability must be systematically established [@B143].

Another significant issue is the manufacturing process of nanomedicines, which is far more complicated than the current biopharmaceutical manufacturing. It is challenging to determine a scalable manufacturing system for nanomedicines and to standardize drug quality and functionality tests for clinical use. It is also not trivial to establish good manufacturing practices (GMP). To accomplish these objectives, it is necessary to increase the interaction between small laboratories and the pharmaceutical industry [@B144].

Conclusions
===========

Nanotechnology has been called the industrial revolution of the 21st century, and its medical application, nanomedicine, has had promising advances such as drug delivery systems and imaging, among many others. Since the first nanoformulation for imaging associated to CVD at the end of the 80´s, development of theranostic strategies for CVD has attracted much attention-stimulating research with a potential to reach the clinic. The use of antibodies and peptides that recognize markers associated with CVD have allowed the development of a new generation of more selective nanosystems. This trend suggests that in the near future nanomedicine will be extensively used in the clinic, improving the quality of life of the population.
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PEG-PG-PCL

:   poly(ethylene glycol)-polyglycerol- poly(ε-caprolactone)

PEI

:   polyethyleneimine

PEI-DA

:   polyethyleneimine modified with deoxycholic acid

PET-CT

:   positron-emission tomography with X-ray computed tomography

PET-MRI

:   positron-emission tomography with magnetic resonance imaging

PLGA

:   poly(lactic-co-glycolic acid)

PLN

:   platelet-like nanoparticles

R1

:   spin-lattice relaxation rate

R2

:   spin-spin relaxation rate

RES

:   reticuloendothelial system

rHDL

:   reconstituted high density lipoprotein nanoparticles

RNA

:   ribonucleic acid

ROI

:   region‑of‑interest

ROS

:   reactive oxygen species

SERS

:   surface-enhanced raman scattering

SHPC

:   stearoyl-hydroxy phosphatidylcholine

siRNA

:   small interfering ribonucleic acid

SPION

:   superparamagnetic iron oxide nanoparticles

SV40

:   simian virus 40

SWNT

:   single wall carbon nanotubes

TEM

:   transmission electron mycroscopy

TPC

:   5-(4-carboxyphenyl)-10,15,20-triphenyl-2,3-dihydroxychlorine

USPIO

:   ultrasmall superparamagnetic iron oxide

VCAM-1

:   vascular cell adhesion molecule-1

VEGF

:   vascular endothelial growth factor

WIPO

:   World Intellectual Property Organization.

![Timeline of nanotechnology for therapy and diagnosis of atherosclerosis.](thnov08p4710g001){#F1}

![Quantitative analysis of MRI signal enhancement from aorta after treatment with α~v~β~3~-targeted or nontargeted nanoparticles in cholesterol-fed or control diet groups (p˂0.05). Adapted with permission from [@B28], copyright 2003.](thnov08p4710g002){#F2}

![**(A)** Scheme of the synthesis of PLGA-HDL by microfluidic technology. **(B-C)** 3D and 2D schematics of the nanoparticle structure. **(D)** Targeting to atherosclerotic plaques. Fluorescence imaging of excised aortas of ApoE-KO mice injected with placebo or PLGA-HDL nanoparticles. Uptake can be seen throughout the thoracic and abdominal aorta as well as in the aortic root of the PLGA‑HDL injected mouse. **(E)** A stitched 20x fluorescence microscopy image is shown of the aortic root (scale bar, 200 µm); red signifies a stain for CD68, green PLGA-HDL and blue cell nuclei (DAPI). Adapted with permission from [@B40], copyright 2015.](thnov08p4710g003){#F3}

![Timeline of nanotechnology for diagnosis and therapy of myocardial infarction.](thnov08p4710g004){#F4}

![*In vivo T~2~^\*^* maps and corresponding *ex vivo* near-infrared fluorescence images of mice given Anx-CLIO-Cy5.5 **(A-B)** and CLIO-Cy5.5 **(C-D)**. *T~2~^\*^* maps were created in a region-of-interest (ROI) in the myocardium, defined by the zone of hypokinesis. A significant reduction in myocardial *T~2~^\*^*values was seen in the ROI of mice given the Anx-CLIO-Cy5.5 probe **(A)** vs. those given the CLIO-Cy5.5 probe **(C)**. NIRF images of the excised hearts revealed a corresponding increase in fluorescence intensity in the mice given Anx-CLIO-Cy5.5 **(B)**, but not in those given CLIO-Cy5.5 **(D)**. Adapted with permission from [@B55], copyright 2005.](thnov08p4710g005){#F5}

![Injectable GG\' hydrogel for MI therapy. **(A)** Schematic of the stepwise formulation process of nanobioactive hydrogel and subsequent injection to treat damaged heart with acute myocardial infarction. **(B)** Scar area determination by morphometric analysis of the left ventricle in different groups. **(C)** Echocardiographic assessment of cardiac function. For this, ejection fraction (EF%) was monitored at day 2 and 14 post treatment. GG\' showed significantly better EF% than other groups. Data are expressed as mean value ± SD. ANOVA statistical analysis with Bonferroni *post-hoc* test was performed. \*\*\*\*P \< 0.0001; \*\*\*P \< 0.001, \*\*P \< 0.01, \*P \< 0.05 vs. time-matched control (n = 7). *P* values comparing time-matched GG\' and GG are indicated by ψ. Adapted with permission from [@B72], copyright 2014.](thnov08p4710g006){#F6}

![Timeline of nanotechnology for theranostic strategies of atherosclerosis and myocardial infarction.](thnov08p4710g007){#F7}

![Multifunctional micelles. **(A)** micelles were composed of individual monomers made up of a DSPE tail, a PEG~2000~ spacer, and a polar head group (X) of CREKA, FAM-CREKA, FAM, N-acetylcysteine, Cy7, or hirulog drug. **(B)** Localization of CREKA micelles in atherosclerotic plaques. Serial cross-sections were stained with antibodies against CD31 (endothelial cells), CD68 (macrophages and other lymphocytes), and fibrin (ogen). Micelles were bound to the entire plaque surface with no apparent binding to the healthy region of the vessel. CREKA-targeted micelles also penetrated under the endothelial layer (CD31) where there was high inflammation (CD68) and the plaque was prone to rupture. Clotted plasma proteins were seen throughout the plaque and its surface (fibrin(ogen) staining). Fluorescence was not evident in the heart or lung, and slightly in the kidney, spleen, and liver. **(C)** Targeting of hirulog to atherosclerotic plaques. Significantly higher levels of antithrombin activity were observed in the aortic tree of ApoE-null mice after injection of CREKA-targeted hirulog micelles than that of nontargeted micelles. Adapted with permission from [@B99], copyright 2009.](thnov08p4710g008){#F8}

![*In vivo* images of MTX-gold nanostars in a mouse model. **(A)** *In vivo* live images of mice (n=6 animals) 1 min to 5 min after IV injection of MTX-gold nanostars. **(B)** Absorbance FTIR maps from the heart tissue. Red color represents the area with nanoparticles, green and blue light indicate background (scale bar, 200 µm). **(C)** Confocal microscopy images of heart and aorta tissue immunostaining from sham (no treatment) and MTX-gold nanostar-treated groups, showing the biodistribution and accumulation of the nanosystems in the heart and aorta endothelium. Red color represents the region with MTX-gold nanostars and green color shows actin staining. Adapted with permission from [@B110], copyright 2016.](thnov08p4710g009){#F9}

![Evolution of the number of ISI publications on nanoparticles for CVD, CVD therapy, diagnosis and theranostics.](thnov08p4710g010){#F10}

![Evolution of the number of patents on nanoparticles for CVD, CVD therapy and diagnosis. No patents were found for CVD theranostics up to 2016.](thnov08p4710g011){#F11}

![Scheme of theranostic nanosystems used for CVD: **(A)** Scaffolds/tissue engineering, **(B)** inorganic nanoparticles/polymer coatings, **(C)** polymer nanoparticles/micelles, **(D)** lipid nanoparticles/vesicles.](thnov08p4710g012){#F12}
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